The utility of restriction-site associated DNA sequencing (RADseq) to resolve fine-scale population structure was tested on an abundant and vagile fish species in a tropical river. Australia's most widespread freshwater fish, the "extreme disperser" Leiopotherapon unicolor was sampled from 6 locations in an unregulated system, the Daly River in Australia's Northern Territory. Despite an expectation of high connectivity based on life history knowledge of this species derived from arid zone habitats, L. unicolor was not a panmictic population in the tropical lower Daly. Using ~14 000 polymorphic RADseq loci, we found a pattern of upstream versus downstream population subdivision and evidence for differentiation among tributary populations. The magnitude of population structure was low with narrow confidence intervals (global F ST = 0.014; 95% CI = 0.012-0.016). Confidence intervals around pairwise F ST estimates were all nonzero and consistent with the results of clustering analyses. This population structure was not explained by spatially heterogeneous selection acting on a subset of loci, or by sampling groups of closely related individuals (average within-site relatedness ≈ 0). One implication of the low but significant structure observed in the tropics is the possibility that L. unicolor may exhibit contrasting patterns of migratory biology in tropical versus arid zone habitats. We conclude that the RADseq revolution holds promise for delineating subtle patterns of population subdivision in species characterized by high within-population variation and low among-population differentiation.
population structure has received a boost from genome-reduction techniques including restriction-site associated DNA sequencing (RADseq). This approach provides unprecedented access to many thousands of single nucleotide polymorphisms (SNPs) across the genome of nonmodel organisms (Baird et al. 2008; Andrews et al. 2016) . Applications of RADseq to the population structure of freshwater fishes have so far focused mostly on regional-scale patterns, where the magnitude of differentiation is expected to be high and easy to identify -even with traditional markers (e.g., Narum et al. 2013; Beheregaray et al. 2017) . Fewer studies have investigated finescale structure in riverine systems using thousands of SNPs (Larson et al. 2014; Aykanat et al. 2015) . Testing fine-scale connectivity in freshwater systems is a fertile area for exploration using RADseq data, especially considering freshwater fishes exhibit relatively small effective population sizes and constrained movement within dendritic habitat networks-conditions that often promote population genetic structure (Hughes et al. 2009; Pilger et al. 2017) .
A fish not expected to exhibit strong stock structure at either regional or fine spatial scales is the spangled perch, Leiopotherapon unicolor. This species is the most widespread freshwater fish in Australia, distributed over much of the northern two-thirds of the continent, including tropical coastal rivers, ephemeral arid zone rivers, and semi-isolated waterbodies (Ellis et al. 2015) . Leiopotherapon unicolor is a hardy species with broad tolerance of salinity, temperature, and dissolved oxygen (Llewellyn 1973) . Spangled perch is classified as an "extreme dispersing species" owing to a life-history strategy in the arid zone where periodic flooding triggers long distance dispersal and recruitment into intermittently wetted habitats (Kerezsy et al. 2011 (Kerezsy et al. , 2013 . Movements of at least 300 km in response to a single flood event are documented (Kerezsy et al. 2013) , and regular observations are made of spangled perch crossing roads in centimeters of water (Figure 1a ), or mysteriously appearing in puddles after heavy rain. This propensity for movement is generally held as the explanation for a lack of phylogeographic structure, even across freshwater biogeographic boundaries, over the vast range of spangled perch (Bostock et al. 2006) . The dispersal biology of spangled perch suggests panmixia is likely to exist within catchment boundaries where stream connectivity is high. The Daly River encompasses a 53 000 km 2 largely pristine catchment area in the wet-dry tropics of northern Australia with spangled perch distributed throughout (Figure 1b) (Kennard 2010) . The river flows perennially and has no major dams or weirs over its ~350 km length, and is currently unregulated, with only a small volume of groundwater extracted annually for agriculture. Life history characteristics of spangled perch specific to the tropical Daly River are not known, nor is it known whether the prolific dispersal behavior and long-distance migrations seen in the arid zone are a part of the biology of L. unicolor in tropical rivers. The Daly does experience extreme high flow events annually, which is the cue for migration of L. unicolor in intermittent arid zone rivers. The fish fauna of the Daly River consists of 46 species and this catchment has become a test case for freshwater conservation planning (Kennard 2010; Hermoso and Kennard 2012) . Few studies have examined population genetic structure of fish species within the Daly, but a recent modeling exercise did characterize genetic structure of several taxa and suggested a wide range of species-specific structuring patterns (Hermoso et al. 2016) . Small-bodied taxa exhibited strong population genetic subdivision across the catchment (western rainbow fish, Melanotaenia australis and northern purple spotted gudgeon, Mogurnda mogurnda); while the larger bodied black bream (Hephaestus fuliginosus) had no detectable structure based on microsatellite data (Hermoso et al. 2016 ). This study also documented low-levels of population structure for L. unicolor across the Daly catchment based on mitochondrial DNA (mtDNA) (Hermoso et al. 2016) . However, mtDNA differentiation was absent (Φ ST = −0.013) among the subset of sample sites used in the present study (Hermoso et al. 2016) . Our aim was to determine whether the application of thousands of SNP markers could reveal the presence of fine-scale subpopulation structure within a population of an abundant, vagile species (L. unicolor) in the Daly River where no physical barriers impede movement.
Materials and Methods
Fish were collected from 6 localities in the lower Daly catchment, including 2 from the main stem and 2 each from tributaries below and above main-stem sites ( Figure 1b) . The 6 sampling localities were a subset of the sites included in the study by Hermoso et al. (2016) , namely site codes 19, 08, 05, 11, 12, and 15. Fin clips were taken from 8 individuals at each site (n = 48) and preserved in 100% ethanol. Samples were collected in accordance with ethical guidelines (Griffith University Animal Ethics Committee approval ENV/05/12/ AEC). Whole genomic DNA was isolated from fin tissue using the DNeasy Tissue Kit (Qiagen, Valencia, CA) and treated with RNase A (Qiagen). Libraries were prepared by Floragenex, Inc. (Eugene, OR) following the single-digest RAD protocol of Etter et al. (2011) , using ~1000 ng of DNA digested with SbfI-HF (New England Biolabs, Beverly, MA). The library was sequenced on the Illumina HiSeq2000 platform with single-end 100 base pair (bp) chemistry. Resulting FASTQ sequence data were demultiplexed by individual index, and after removal of barcodes the reads were 91 bp long.
Stacks v1.42 was used for denovo assembly and genotype calling of RADseq loci (Catchen et al. 2013 ). Low quality reads (phred score <10 within 13 bp sliding window) were discarded using process_radtags. The denovo_map pipeline was used to build an initial catalog of loci with minimum stack depth of 3 reads (−m, 3) and up to 2 mismatches allowed between stacks (−M, 2) and maximum of one mismatch between catalog loci (−n, 1). These parameters were close to the default settings (−m 2, −M 2, −n 1) and preliminary testing of larger values had negligible impact on results, possibly reflecting the high depth of coverage obtained for this library (see Results and Discussion section). Corrections to genotype calls were applied using rxstacks, implementing the bounded SNP model (upper bound 0.05) and log likelihood filter threshold of −20. The threshold was chosen by inspecting the distribution of mean likelihood scores for all loci. A catalogue of corrected genotype calls was then rebuilt and matched to samples using cstacks and sstacks. The program populations was used to produce a filtered set of genotype calls, where filtering constraints included that a locus must be biallelic (exactly 2 alleles); a locus must be scored in >80% of individuals in the entire sample; a locus must be represented in all of the 6 population samples; and that all loci be represented by a single SNP position (--write_random_snp flag). All loci included in downstream analysis of population structure therefore consisted of a single biallelic SNP scored in at least 40 out of 48 individuals.
Data Analysis
Sample sizes (n = 8) were low for reliable assessment of HardyWeinberg proportions (HWP) at the site level, so the pooled set of individual genotypes (n = 48) was screened for conformation to HWP using exact tests with 1000 permutations of alleles per locus in the R package "pegas" (function hw.test; Paradis 2010). Since population structure may induce a Wahlund effect in the pooled sample, we controlled for Type I error using a false discovery rate correction (FDR; R function p.adjust, method = "BH") (Waples 2015) . Loci that deviated significantly from HWP after FDR correction and exhibited negative F IS values were removed from the dataset. Loci deviating from HWP but positive for F IS were retained as this pattern could result from legitimate population structure. To identify outlier loci putatively influenced by spatially heterogenous selection we used the F ST outlier approach implemented in the R package "OutFLANK" (Whitlock and Lotterhos 2015) . This method detects outlier loci by estimating tails of the expected neutral F ST distribution by fitting centrally distributed values to a chi-square distribution. Outliers were estimated using a 5% trim fraction from the bottom and top of the F ST distribution. The dataset was filtered to retain loci exhibiting minor allele frequency (MAF) >0.1 for outlier detection as recommended by Whitlock and Lotterhos (2015) . Any potential outlier loci found were excluded from analysis of population structure. Estimates of effective population size (N e ) underlying our samples of L. unicolor in the lower Daly River were made using the linkage disequilibrium method (LDNe) implemented in NeEstimator v2.01 (Do et al. 2014) . For N e estimation, loci with MAF >0.1 were used with outlier loci excluded.
Population genetic summary statistics and F-statistics among the 6 sample sites were calculated using functions in the R package "hierfstat" (Goudet 2005) . Spatial patterns of population structure were examined using clustering methods including a model-based approach: sparse non-negative matrix factorization (sNMF; Frichot et al. 2014) , implemented in the R package "LEA" (Frichot and Francois 2015) . sNMF was designed to handle large numbers of markers in a computationally efficient manner by finding ancestry proportions of population clusters using least squares optimization without assuming HWP in the ancestral populations (Frichot et al. 2014) . sNMF performs as-well or better than other model-based methods for estimating admixture proportions (Wollstein and Lao 2015) . A model-free multivariate method, discriminant analysis of principal components (DAPC), was used to visualize relationships among population samples and assign individuals to genetic groups (Jombart et al. 2010 ). The DAPC cross-validation procedure was used to select an appropriate number of principal components and discriminant functions, and was implemented in the R package "adegenet" (Jombart and Ahmed 2011) .
To test whether individuals sampled from the same site were more closely related to one another than expected from the total sample, we used function grouprel in the "related" R package (Pew et al. 2015) . This function permutes individuals among groups to generate a null distribution of relatedness values for each site. Queller and Goodnight's (1989) relatedness estimator was used with 1000 permutations of individuals among groups. A subset of 4597 loci with MAF >0.1 was used here to reduce computation time.
Results and Discussion
Quality filtering of 253 million raw reads passed 243 million reads for denovo assembly at an average of 5.04 million per individual (SD = 1.12 million). The initial catalog generated by denovo_map contained 328 398 loci, of which 14 103 met filtering constraints outlined in Materials and Methods section. Error correction using rxstacks and application of filtering constraints by the Stacks populations program, resulted in 14 044 high-quality loci for further analysis. Tests for HWP on the pooled dataset of 48 individuals found 1897 loci deviated from expected proportions, although legitimate population structure (i.e., Wahlund effect) could be the cause of most of these deviations as most of these loci also exhibited positive F IS values. Thirteen loci that deviated significantly from HWP and exhibited negative F IS were excluded from further analysis, leaving 14 031 loci, where each locus was represented by a single SNP (=14 031 SNPs) (Supplementary Figure S1) .
Overall level of missing data for 14 031 loci genotyped in 48 individuals was ~4%. Mean number of loci scored per individual was 13 592 (SD = 229) and 5016 loci had no missing data (Table 1) Figure S2) . The 3 outlier loci had F ST values of 0.377, 0.322, and 0.356, and in each case, a single population was responsible for the strong variance in allele frequency. As divergence of these 3 loci was above the expected neutral range they were removed from further analysis to avoid potential influence of spatially heterogeneous selection. Estimate of N e ranged from 152 to 1950 per sample location (Table 1) , which is reasonable given the abundance of spangled perch (Kennard 2010 ) and comparable to SNP-derived N e values obtained for other abundant riverine fishes (e.g., Candy et al. 2015) . These N e estimates should be treated with caution as they are based on low sample sizes (n = 8) and because physical linkage among loci was unaccounted for. Interestingly the lowest N e estimates were found in main stem sites (site 05 and 11; Table 1 ). This may reflect higher levels of recruitment in tributary populations relative to the main stem, although an alternative reason for the low N e estimate obtained for one main stem site (N e = 152; site 11; Table 1 ) could be the presence of a pair of half sibs in this sample (see relatedness analysis below).
Global F ST among the 6 sample sites for 14 028 loci was 0.0138 (95% CI: 0.0122-0.0152; P-value = 0.001). Pairwise F ST estimates among the 6 sample sites ranged from 0.005 to 0.027 and all lower 2.5% confidence limits were above zero (Supplementary Table S1 ). Strongest differentiation was observed for the most upstream tributary site (site 15, F ST = 0.051; Table 1 ). Admixture clustering using sNMF showed a prominent genetic division (K = 2) between groups of upstream and downstream sites (Figure 1c ). In addition, partitioning the dataset into 3 ancestrally derived genetic clusters (K = 3) further distinguished tributary site 12 from 2 other upstream sites (Figure 1d ). Cross-validation suggested retention of the first 10 principal components in the DAPC, with proportion of conserved variance of 0.256. Resulting relationships among the 6 sites found by DAPC were consistent with admixture clustering (Figure 1e ). DAPC scatterplot axis 1 separates upstream and downstream sites, while axis 2 separates tributary sites from main stem sites (notably sites 08, 12, and 15; Figure 1e ). DAPC assignment probabilities did not support recent migration between upstream and downstream reaches of the study area, although a few cases representing potential exchange between tributary and adjacent main stem populations were evident (Supplementary Figure S3) . The congruent evidence of population structure obtained from F-statistics and clustering analyses were N, average number of individuals genotyped per locus; Missing %, percentage missing data summed over all loci and individuals; H O , proportion of heterozygous genotypes; H S , gene diversity (= expected heterozygosity); F IS , median population inbreeding coefficient (function hierfstat::boot.ppfis); F ST = populationspecific fixation index (function hierfstat::betas); N e , effective population size, LDNe method; R, mean relatedness, P-value associated with permutation test to determine whether observed within-site relatedness exceeds random expectation (function related::grouprel).
based on relatively small sample sizes (n = 8). However, simulation studies demonstrate these methods are robust to sample sizes lower than this when analyzing thousands of SNP loci (Willing et al. 2012; Wollstein and Lao 2015) .
Overall, relatedness among 48 individual fish was indistinguishable from zero (mean r = −0.022; 95% CI = −0.071 to 0.026). A single case of possible familial relationship was detected between 2 individuals from site_11 (r = 0.231; 95% CI = 0.185-0.276), which could indicate this pair were half-sibs. Average within-site relatedness estimates were close to zero, although permutation tests showed withinsite relatedness at all 6 sites was significantly higher than expected for random groups of individuals (Table 1 ; Supplementary Figure  S3 ). This result suggests spatial proximity is a predictor of recent ancestry within the lower reaches of the Daly River and is consistent with F-statistics and clustering analyses. Taken together these results suggest genetic variation is not randomly distributed across the 6 study sites and that spangled perch does not constitute a panmictic population in the lower Daly River. Rather there is weak but significant structure, primarily dividing downstream sites (sites 19, 08, 05) from upstream sites (sites 11, 12, 15) . This is not conventional hierarchical structure as observed in many riverine fish populations (e.g., Hughes et al. 2013; Pilger et al. 2017) , because the main subdivision lies between 2 sites in the main channel (i.e., between site_05 and site_11, Figure 1b,c) .
Spangled perch has a reputation for vagility that suggests individuals are capable of traversing the full extent of our study area. However, evidence from F-statistics, clustering analyses and relatedness estimates all indicate genetic connectivity of spangled perch in the Daly River is limited. It is possible that L. unicolor life-history in perennially flowing tropical rivers does not include the extreme dispersal behavior observed in arid zone habitats (Kerezsy et al. 2013 ). Other widespread fish species such as Australian smelt (Retropinna semoni) exhibit contrasting patterns of genetic structure and migratory biology between inland and coastal habitats (cf. Woods et al. 2010; Hughes et al. 2014) . Spangled perch may represent a similar case of life-history variability, although a lack of regional phylogeographic structure or cryptic species would suggest that any divergence in life-history trajectories is either very recent or occurs despite ongoing gene flow (Bostock et al. 2006) . Further analysis of this interesting question will require larger samples from inland and coastal habitats, but here we have shown that thousands of RADseqderived SNPs can reveal subtle but distinct genetic structure among directly linked subpopulations of an abundant and vagile species. Prospects are therefore good for evaluation of other cases where populations appear to be widespread and unstructured, as even limited structure in the presence of gene-flow may underlie ecologically relevant diversity (e.g., Aykanat et al. 2015; Vendrami et al. 2017; Wagner et al. 2017) .
